The changes in short circuit current (electrogenic a-secretion) of rat colon brought about by xanthine/xanthine oxidase in the Ussing chamber were inhibited by catalase and diethyldithiocarbamate, but not by superoxide dismutase. These results, the reproduction of the response with glucose/glucose oxidase and with exogenous H202, and the lack of effect of preincubation with deferoxamine or thiourea implicate H202, and not 02 or OH, as the important reactive oxygen metabolite altering intestinal electrolyte transport. 1 mM H202 stimulated colonic PGE2 and PGI2 production 8-and 15-fold, respectively, inhibited neutral NaCl absorption, and stimulated biphasic electrogenic a secretion with little effect on enterocyte lactic dehydrogenase release, epithelial conductance, or histology. a-secretion was reduced by cyclooxygenase inhibition. Also, the Cl-secretion, but not the increase in prostaglandin production, was reduced by enteric nervous system blockade with tetrodotoxin, hexamethonium, or atropine. Thus, H202 appears to alter electrolyte transport by releasing prostaglandins that activate the enteric nervous system. The change in short circuit current in response to Iloprost, but not PGE2, was blocked by tetrodotoxin. Therefore, PGI2 may be the mediator of the H202 response. H202 produced in nontoxic concentrations in the inflamed gut could have significant physiologic effects on intestinal water and electrolyte transport. (J.
Introduction
Reactive oxygen metabolites (ROMs)' are oxygen-centered free radicals or their reduction products (1) (2) (3) . The reactivity of oxygen can be increased by excitation or reduction. An excitation product (singlet oxygen) results from an absorption of energy that shifts one ofthe unpaired electrons ofthe molecule to an orbit of higher energy with an inversion of its spin. Singlet oxygen may not exist to any extent in biological tissues; however, the reduction products certainly do. The reduction of oxygen by the sequential addition of four electrons creates two products, superoxide (0°) and hydroxyl radical (OH), which are free radicals (molecules containing an odd number of electrons, rendering them chemically reactive) as well as hydrogen peroxide (H202), a potent oxidant. The length of time that H202 can exist in tissue and the distance to which it can diffuse (much like water) are dependent on the presence of protective enzymes in the tissue (catalase [CAT] and glutathione peroxidase) (1) (2) (3) . Therefore, H202, the least reactive of the metabolites, has the longest half-life and potentially is capable of important biological effects.
The sources of ROMs in the intestine include the mitochondrial and microsomal transport chains, those created by oxidant enzymes such as xanthine oxidase (XO) and the cyclooxygenase and lipooxygenase enzymes of AA metabolism, and the respiratory burst of phagocytic cells (2) . Some believe that the most important sources of ROMs in the intestine are resident or newly arrived phagocytes (3) . Upon stimulation, a transmembrane electron transport system utilizes NADPH on the cytoplasmic side of the phagocytic cell membrane to reduce 02 to H202. Potentially, millimolar concentrations of H202 may be secreted in the immediate vicinity of target cells (2, 4) . The important stimulants of the formation of ROMs in the intestine, consequently, are those that activate phagocytes (3) .
Recent studies in our laboratory have shown that ROMs are capable of altering electrolyte transport in the in vitro rat colon mounted in the Ussing chamber (5) . These results led us to postulate that while either ROMs or prostaglandins released by ROMs may have a direct effect on the enterocyte, some cyclooxygenase products like PGI2 (6, 7) may modulate rat colonic electrolyte transport primarily by activating the enteric nervous system (ENS).
It was unclear from our previous studies, however, which ROM was actually causing this transport response. The xanthine (X)/XO reaction creates O2, which is spontaneously and enzymatically dismutated to H202, as well as H202 itself. In the presence ofiron, H202 can also be metabolized to 0H (the Haber-Weiss or Fenton reaction) (1, 3) . In this investigation we determined that H202 is the ROM responsible for the alteration in transport and characterized the colonic electrolyte transport response to this oxidant.
Methods
Preparation of intestine. Male Sprague-Dawley rats (250-350 g) with free access to normal rat chow and water were killed by cervical dislocation. The colon was removed and opened along its mesenteric border and rinsed in ice-cold Ringer solution and the serosa and muscularis propria were removed as previously described (5, 8) . A 2-cm section of the tissues was fixed with buffered 4% formaldehyde-10% gluteraldehyde and stained with hematoxylin and eosin or with diamine silver for histological demonstration of mucosal and neural structure, respectively (see Fig. 8 A) . These studies revealed that the plane of division was at the innermost aspect of the circular muscularis propria layer, leaving the muscularis mucosae and submucosal nerve plexus intact. This preparation, consisting ofepithelium, lamina propria, muscularis mucosae, and submucosa, was mounted in Ussing-type chambers (0.5 cm2 exposed surface area) and bathed in 5-10 ml of glucose-Ringer solution on each side. The glucose-Ringer solution, pH 7.4 when gassed with 95% 02/5% C02, contained 10 Unidirectional electrolyte fluxes of 22Na and -6CI were measured as previously described in paired tissues that had electrical conductances differing by no more than 25% (5) . Prostaglandin assays. The prostaglandin content of incubation solutions was determined by direct immunoassay on 100-300-ml samples according to the method of Granstrom and Kindahl (9) . The PG antisera had minimal cross-reactivity (< 1% for most other prostaglandins), except for 6% cross-reactivity of the E2 antisera with PGA2 and 2-8% cross-reactivity of the 6-keto-PGFI. antisera for PGFIa and PGF2,. The accuracy and precision of the assays were determined under each experimental condition as previously described (5, 10) H202 and O2 measurements. The concentration of H202 in the mucosal or serosal bathing solutions was determined by a modification of the methods of Matalon et al. (12) . 125-Ml aliquots of bathing solution were added to 500 Ml of 100-mM KPO4 (pH 4.0) containing 20 purpurogallin units/ml of horseradish peroxidase, 1.5 mM 4-aminoantipyrine, and 11 mM phenol. The absorption was read at 510 nm and the concentration of H202 calculated from a standard curve.
The concentration of 05 generated by the X/XO reaction was measured in the Ussing chamber with or without rat colonic tissue present, and with or without the pressure of SOD or diethyldithiocarbamate (DDTC), by a modification of the fermcytochrome reduction method as described by Pick and Mizel (13) . Ferricytochrome was added directly to the serosal solution of the Ussing chamber to a final concentration of 160 uM, and 600-Ml aliquots of the serosal solution were taken before and at various time intervals after initiating the X/XO reaction. The aliquots were added directly to the spectrophotometer cuvette and the reduction of ferricytochrome c was determined using an em of 21 X 103 M-' INDO and PXM were dissolved as stock solutions in DMSO such that only 10 gl was added to 10 ml of Ussing chamber solution, a concentration that has no effect on electrolyte transport. The other reagents were dissolved in Ringer solution. ROMs were created in the Ussing chamber either by adding varying concentrations of XO to the serosal Ringer solution containing 0.7 mM X or by the addition ofGO to the glucose-Ringer solution containing 10 mM G. Statistical evaluation. If one of the four tissues in a set proved unsatisfactory for technical reasons, the entire group of data in that experiment was disregarded. Although -10% ofthe experiments performed were thus unusable, this design did allow the data to be normalized and presented as "percent of control response," which simplified its presentation and statistical analysis. The statistical significance of paired experiments was determined with the paired t test. When multiple comparisons were undertaken, a parametric or nonparametric analysis of variance was used.
Results
Experimental design to determine the biologically active ROM. Fig. 1 depicts the experimental framework for determining which ROM was responsible for the AIsc created by the X/XO reaction. The relative proportions of 02 and H202 created by the X/XO reaction are dependent on the pH, Po2, If H202 was the ROM responsible for the change in Isc, the AIsc would be diminished by the exogenous addition of CAT, which rapidly degrades H202 to 02 and H20 (Fig. 1) . In addition, the AIsc response would be mimicked by the exogenous addition of H202 or by use of a H202 generating system (G/GO) (Fig. 2 C) .
To rule out the possibility that OH is the important ROM resulting in the AIsc, the tissues can be preincubated with the iron chelator DES, which will prevent the Haber-Weiss reaction. Furthermore, the effect of scavengers of OH, such as thiourea, can be assessed. If Fe chelation or thiourea alters the AIsc to either X/XO, G/GO, or H202, this would be evidence that OH was the responsible species.
ROM responsiblefor the Alsc ofrat colon. Fig. 3 depicts the effect of SOD on the AIsc response to ROMs created by the X/XO reaction in the serosal bathing solution of rat colon mounted in the Ussing chamber. The response of the tissue to exogenous X/XO is a biphasic, sustained increase in Isc, with peak 1 occurring at 3-6 min and peak 2 being maximal at -30 min. Preincubation with increasing amounts of SOD had no effect on the peak 1 response to X/XO, but diminished sufficient to maximally catalyze the formation of H202. Furthermore, the DDTC experiments were not easily interpretable because DDTC abolished the formation of both O°and H202 (Fig. 2 B) . Both peaks 1 and 2 were diminished by preincubation with DDTC in a concentration-dependent manner, and 2 mM was sufficient to essentially abolish the AIsc response to X/XO (not shown). This was a specific response relating to DDTC's effect on metabolism of 02, rather than some nonspecific effect of DDTC on electrogenic Cl secretion by the colonocyte, because PGE2 (10-6 M) had the same effect on AIsc in control tissues (76±20 MA/cm2) as it did in tissues preincubated with 2 mM DDTC (84±15 MA/cm2).
The addition of CAT inhibited the AIsc (Fig. 4) and 1,000 U/ml essentially abolished the response. This suggests that H202 was the species responsible for the AIsc to X/XO. Fig. 5 indicates that the creation of ROMs by the G/GO reaction or the exogenous addition of H202 mimicked the X/XO response, although the time courses and magnitudes of peak 2 are somewhat different for the three ROM-generating systems.
The experiments described above do not rule out the possi- tissue with DES had no effect on the AIsc to G/GO, nor did preincubation with the OH scavenger thiourea (Fig. 6 ). Fig. 6 also summarizes the experiments noted above, indicating the effects of the various agents on either the early (peak 1) or late (peak 2) Isc response. The data are consistent with the idea that H202 and not OH is the responsible ROM.
Mechanism ofH202 effect on colonic electrolyte transport. H202 added to the mucosal bathing solution ofthe rat colon in the Ussing chamber stimulated the initial AIsc with a time course similar to serosally added H202, but the response was less and there was no second AIsc peak response. Fig. 7 shows the concentration-response curve to serosal H202 with a maximal early and late peak response at 1 mM H202. There was inhibition of the response at concentrations > 1 mM. This diminished response at higher H202 concentrations was a toxic effect, as confirmed by histological study (Fig. 8) . Only minor histological differences could be discerned between control tissues and those exposed to 1 mM H202 (Fig. 8 B) . Furthermore, 1 whereas 5 mM mucosal deoxycholate significantly (P < 0.05, n = 4) increased mucosal bathing solution LDH to 403±36 IU/ liter. In contrast, exposure of rat colon for 1 h to 1 M serosal H202 completely destroyed the crypt epithelium (Fig. 8 C) . The effect of 1 mM serosal H202 on rat colonic electrolyte transport is shown in Table I , section A. H202 diminished mucosal-to-serosal fluxes of Na and C1, stimulated serosal-tomucosal fluxes of Cl, and significantly increased the Isc and PD. As a result of these changes in unidirectional fluxes, there was a significant inhibition of Jn' and a reversal of Jnt from absorption to secretion. These changes indicate that H202 was inhibiting neutral NaCl absorption and stimulating electrogenic Cl secretion in rat colon. This concentration of H202 had no effect on transepithelial electrical conductance (G).
In our previous study with X/XO (5), the AIsc response was inhibited by cyclooxygenase inhibitors as well as by inhibitors of ENS activity. Accordingly, we determined the effect of the cyclooxygenase inhibitors INDO and PXM on the early and late peak AIsc response to H202, and contrasted these with the effects of the ENS inhibitors TTX, HEX, and high-dose ATR (Fig. 9) . These inhibitors all reduced the peak 1 AIsc by -70%. INDO (10-6 M), but not PXM (10-6 M), inhibited the peak 2 response. Because PXM has a chemical structure that should be sensitive to oxidants, we repeated the experiments but preincubated with increasing concentrations of PXM. A concentration-response inhibition of both the early and late peak responses could be demonstrated, and at lo-4 M PXM both the early and late peaks were inhibited by -70% (P < 0.01). This suggests that the lack of inhibition of the late peak with lower concentrations of PXM was due to the timedependent destruction of the drug by the oxidant effect of H202. Table I, The experiments shown in Fig. 9 suggest that either the ENS is releasing prostaglandins that alter electrolyte transport or, alternatively, that prostaglandins release neurotransmitters from the ENS and the neurotransmitters are the major agonists involved in the Isc response to H202. To determine which of these is more likely, we measured PGE2 and PGI2 (assayed as 6-keto-PGFIa,) production in the experiments depicted in Fig. 9 . As shown in Table II , H202 increased production of PGE2 7-8-fold and 6-keto-PGFIa production 15-18-fold. The peak output by PGE2 was in the first 15-min period after the addition ofH202, a time course compatible with the stimulation of Isc. This stimulation of prostaglandin production was inhibited by pretreatment with INDO or PXM, but not by preincubation with the neural inhibitors TTX, HEX, and ATR. These results suggest that the prostaglandins produced by the ROMs were initiating C1 secretion in large part by activating the ENS.
To determine if PGE2 or PGI2 was a more important stimulant of the ENS, the Isc response to serosal PGE2 was compared with that of the Iloprost, a stable analogue of PGI2, in the presence and absence of TTX. In rat colon preincubated with 10-6 M INDO to inhibit endogenous PG production (Table III) , the AIsc to PGE2 was not diminished by neural blockade with TTX, whereas the AIsc to Iloprost was inhibited 94%. These data suggest that while PGE2 has its stimulatory Figure 8 . Histology of rat colon after incubation for 1 h in the Ussing chamber. A, control; B, 1 mM H202; C, 1 M H202. Note that the submucosa, with its component of the ENS, is present in this preparation of stripped rat colon. There are only minor changes in the histology of tissues as the result of incubation with 1 mM H202: slight dilatation of crypts and more cuboidal appearance of the surface colonocytes (B) as compared with control tissues (A). In contrast, after incubation with 1 M H202 (C), the crypt epithelium is completely destroyed. effect on electrogenic Cl secretion through colonocyte receptors, PGI2 stimulates Cl secretion via receptors on the ENS.
Discussion
The focus of oxygen radicals and oxidants in biology has been on ROMs as injurious agents (1-3). In the gastrointestinal tract a role for ROMs has been postulated in various forms of enteritis (1, 2, 15) and gastric ulceration (16, 17) . Ischemic injury has been the best studied model where ROMs created by an endogenous X/XO reaction and from the respiratory burst of neutrophils seem to be responsible for reperfusion injury, especially through the creation of OH' (18) (19) (20) (21) Prostaglandin release might also be protective to the intestinal mucosa.
Our previous studies using X/XO demonstrated the ability of ROMs to stimulate electrogenic C1 secretion and inhibit neutral NaCl absorption (5) . The experiments reported here indicate that H202 is the important ROM altering intestinal electrolyte transport. The inhibition of the AIsc response to X/XO by CAT, coupled with reproduction of the X/XO response with G/GO and exogenous H202, provide strong evidence that H202 is the active species altering transport. The possibility that 0H, formed from H202 by the Haber-Weiss (26) (27) (28) . However, there may be an important dose-response effect in that high levels of lipoperoxides, perhaps through OIW formation, will inactivate prostaglandin and prostacyclin synthases (28) . The ability of low concentrations of hydroperoxides to activate PGH synthase is not just a laboratory phenomenon; it can be shown that activation of phagocytic leukocytes will cause hydroperoxide release that is sufficient to stimulate prostaglandin production from cocultured lymphoma cells (29) . These experiments suggest a second possible mechanism for peroxide stimulation of prostaglandin production: the activation of inflammatory or mesenchymal cells. H202, myeloperoxidase, and eosinophilic peroxidase will stimulate PGE2 and/ or PGO2 production in mast cells (30-33), fibroblasts (34, 35) , renal gomerular mesangial cells (36) , and cultured endothelial cells (37, 38) . The mechanism of this stimulation is unclear, but in the endothelial cells it seems to involve gating of Ca2+ across the cell membrane either as the result of a receptor-mediated event or secondary to lipid peroxidation of the cell membrane, making it more permeable to Ca2+ with subsequent liberation of AA from membrane stores (38 (4, 39) . This is certainly within the dose-response range for the changes in electrolyte transport demonstrated here. In the normal mammalian colon, phagocytes (eosinophils, neutrophils, and macrophages) are present in numbers approaching 106 cells/g of tissue (40). In inflammatory diseases ofintestine, the concentration of these cells would increase even more. In our studies H202 concentrations < 1 mM caused very little damage to the intestinal mucosa; it would appear that the intestinal oxidase defense mechanisms are sufficient to handle this level of oxidant stress. At 1 mM H202 we could not detect release of LDH or changes in paracellular permeability, a finding similar to that reported by Welsh et al. in cultured MadinDarby Canine Kidney cells (41) , and there was no effect on epithelial histology. At concentrations > 1 mM, we and others (41, 42) find irreversible permeability changes in the epithelium and, at still higher concentrations, severe damage to the epithelium (see Fig. 8 ).
In summary, this investigation demonstrates H202 to be a potent agonist for electrogenic C1 secretion and for inhibition of neutral NaCl absorption in the rat colon. This process is mediated by release ofprostaglandins from the lamina propria. PGO2 is a prominent prostaglandin elaborated in response to H202 and it appears to have its major effect on electrolyte transport by activating the ENS. The specific neurotransmitters acting at the level of the colonocyte remain to be determined. Intestinal secretion that may result in diarrhea can be viewed as a protective mechanism in the intestine, as may the release of prostaglandin. Furthermore, recently it has been suggested that ROMs might be important stimulants of cell division in the damaged intestine, and thus might play an important initiating role in epithelial repair (43) . Thus ROMs, though clearly damaging agents at high concentration, also appear to play protective and reparative roles in the intestine.
